Many studies with multiceUular organisms have shown that the multiplication of virus depends on the nutrition of the organism. A certain dependency was to have been expected, but the specific character of this dependency has proven unpredictable in many cases. For example, thiamine deficiency diminishes the susceptibility of mice to some strains of poliomyelitis virus (1), but on the other hand lowers the resistance of pigeons to psittacosis (2). A study of these specifications may be expected to provide important clues to the mechanism and control of a particular viral infection.
after infection. Other studies (7) including those described below indicate that similar relationships prevail for the utilization of the carbon and nitrogen of the medium.
It has been shown previously (8) that E. coli do not multiply after infection. Therefore, it is considered, pragmatically, that those compounds found to increase the number of virus particles produced or rate of production are those which are used in virus synthesis. This does not preclude a rapid organization or turnover by the bacterial cell of the material which, under normal conditions, might be used for its own growth and multiplication.
Two methods of determining whether a specific compound is involved in virus synthesis have been previously described. First, analysis of the T2 virus showed desoxyribose nucleic acid, arginine, tryptophane, and tyrosine to be virus constituents (8) . A more complete analysis may be presumed to give a wider scope to the choice of an antimetabolite. Second, an antimetabolite was tested for inhibition of virus synthesis. Reversal of the inhibition with the specific metabolite indicates that it is required for synthesis (9) . In the course of studies with 5-methyl tryptophane, a specific antagonist for tryptophane utilization (9) , two interesting effects were observed in addition to the confirmation that tryptophane was essential for virus synthesis. First, it was shown that it is possible to determine at what time during the latent period of multiplication within a host cell a compound is required, and secondly, infectious centers were irreversibly destroyed by the action of the compound after a certain period of inhibition of virus multiplication. This paper presents a third method of determining whether a specific compound is required for virus synthesis; i.e., the effect of addition of a specific compound to the system in a condition suboptimal for virus synthesis. The times required for multiplication of T2 virus within a host cell are almost the same if the cell is grown and infected in either a complex medium such as nutrient broth or in a simple synthetic medium containing glucose (10) or lactate (9) as a carbon source. This does not mean, however, that the latent period is independent of the nutrients present in the medium, since these systems contain two independent and compensating variables. It is possible that bacteria grown in the absence of external amino acids have greater abilities to synthesize these compounds than bacteria grown in a complex medium, such as broth. That the latent periods for these two systems are identical may mean that the rates at which components of virus are made available for organization, in the one case by synthesis, in the other by absorption, are identical.
When the multiplication of virus is followed in a system with just one variable, i.e. the composition of the medium, the dependence of virus synthesis on the composition of the medium is readily observed. Escherichia coli grown in broth and transferred and infected in a simple synthetic medium show a much longer latent period and a much smaller burst size than the same bacteria in-fected in broth. The simple medium may be supplemented with various compounds. A study of the time required to liberate virus and of the number of virus particles synthesized, as compared to the unsupplemented medium, indicates whether or not the particular compound is a rate-determining factor in virus synthesis under these conditions. Many substances were found to stimulate synthesis, but no single supplementary compound was found which approximated the rate and amount of virus synthesis characteristic of broth.
It has been proposed (11, 12) that virus synthesis is the autocatalytic conversion of preformed cellular protein into virus. If this were the case, the number of steps in the process of synthesizing active virus from inactive precursor would be expected to be very few and to involve the specificities of large molecules. The control of this type of process might be very difficult. We have found, however, that synthesis of virus depends on the presence of simple compounds in the external environment of the host cell. It would seem that a great many syntheses of relatively simple compounds are essential stages in virus multiplication. Such a process should be susceptible to inhibition by a wide variety of antimetabolites.
Materials and Methods
E, sehcrichia coU B was subcultured monthly to Dffco agar nutrient broth slants. From these, weekly subcultures were made. Cultures were made by inoculating broth medium, conraining 8 gin. of Difco nutrient broth and 5 gin. of NaC1 per liter of distilled water, with bacteria from a slant and aerating at 37 °, overnight. At the end of this time, the culture contained about 5 X 109 viable bacteria per cc. 0.05 cc. was transferred to 10 ec. of fresh broth and grown to about 5 X 107 bacteria per cc. with aeration at 37 °. The broth cultures were then centrifuged, washed twice in a simple defined (8) medium (F), and resuspended in F, F plus a supplement, and N. Bacteria treated in this way were designated Bzc-F, and B~r-N, the subscript indicating the medium in which the bacteria were grown and the large letter the medium in which they were resuspended. The resuspended bacteria were infected with a purified T2r + concentrate prepared from F medium or broth lysates (13, 14) . All T2 virus referred to in this paper was the r + type. The liberation of virus in the same host cells in different media was followed by the one-step growth technique of Delbrtick and Luria (15) using the spreading and layer modification of Hershey a ~. (16) . Other evidence that BN-F are deficient in their synthetic capacities is obtained from studying the turbidity curves of B~r grown in N, washed, and resuspended in N and F. Fig. 2 shows that B• in F has a much slower growth rate than the same bacteria in broth.
The effect of the different constituents in F medium was determined by preparing a series of F media each lacking a single constituent. The total concentration of all other ions was kept approximately constant by the addition of appropriate salts. Table I gives the details of this experiment.
It may be seen in Fig. 3 that an external source of nitrogen and carbon is essential for virus synthesis. Virus liberation and yield seem to be almost inde- F~o. 1. One-step growth curves for broth-gown bacteria in the broth and F media. pendent of added sulfate. The absence of external phosphate severely limited virus multiplication, decreasing the yield of virus and significantly increasing the latent period. The absence of magnesium was also found to limit virus synthesis.
In connection with the apparent lack of a sulfur requirement, it must be noted that the other constituents of the medium may be sufficiently contaminated with sulfate to obscure a minimal need. Chemical test for sulfate in the deficient medium was negative, however. Nevertheless, methods to be reported (17) have shown a definite methionine requirement in this system. In contrast to these, l(--)-leucine and l(--)-serine inhibited virus synthesis. l(--)-cystine and l(--)-cysteine were toxic; i.e., not only was virus not liberated but the number of infectious centers rapidly decreased.
The inhibition by l(--)-leucine was completely overcome by d/-valine, dl-isoleucine, or dl-norleucine (Fig. 6 ). When one of these amino acids was added at 25 qt per cc. to infected bacteria in the presence of 25 3' per cc. of/(--)-leucine, even more virus was liberated and more rapidly than in infected bacteria in F. 0.90 cc. tubes 1-6 + 0.10 cc. T2r + Tubes a-f 0.10 cc. a-f + 9.9 cc. appropriate medium Tubes 5a-5f 0.10 cc. 5a-5f + 9.9 cc. appropriate medium Tubes I-VI 
Glutamic Acid and the Antimetabolite, Metkionine Sulfoxide
The marked stimulatory effect of glutamic acid suggested an essential r61e in the elaboration of virus. To demonstrate this, the effect of a specific glutamie I We are indebted to Dr. Jack Sehultz and Dr. Gerrit Toennies of the Lankenau Hospital Research Institute for some of the amino acids used in these experiments.
antimetabolite, dl, dlomethionine sulfoxide (i-MSO) was tested (18) . For the following group of experiments, E. coli were grown in F medium. They were dition of glutamic acid, it was found that virus was liberated 28 minutes after this reversal. The latent period of the control infected bacteria was 29 minutes (Fig. 7) . There was a somewhat variable irreversible reduction in the number of infectious centers when the bacteria were left in i-MSO. These two effects, (1) the blocking of the start of virus synthesis, and (2) the "killing" of infected bacteria on continued exposure had previously been found to be characteristic of 5-methyl tryptophane. The effect of interrupting the latent period, as in studies with 5-methyl tryptophane (9), was further investigated. Br were infected in F and after 10 minutes of the normal latent period, were inhibited with i-MSO for 10 minutes. The i-MSO was diluted in F, and F containing 5 X 10-* M glutamic acid. It was found that in either case virus was liberated a few minutes after the burst of the control bacteria, instead of the full 10 minutes required to complete the total normal latent period. The yield of virus from the interrupted bacteria about one-half the burst size of the normal bacteria. This may be explained by the "kil]ing" of some of the infectious centers observed in this experiment during the 10 minute incubation with i-MSO. 5-methyl tryptophane, on the other hand, was shown to cause an absolute interruption of virus synthesis within the system, which on addition of tryptophane required the residual latent period and gave a normal burst size. ~ Indole-3-Acetic Acid:--We have reported (19) that certain preparations of indole-3-acetic acid obtained from Eastman Kodak Company stimulated the production of T2 in BN-F. Such stimulation was not found using samples from other sources (20) nor did possible contaminants such as indole, skatole, indolyl-1,3-diacetic acid, or Cu ++, which was used in the preparation of Eastman material (21), cause any stimulation. No other single substance, among more than 60 tested, produced as great a stimulation as we found for these particular preparations. 5 X 10 -3 M indole-3-acetic acid itself, regardless of origin, inhibited virus multiplication. Fig. 5 shows the stimulatory effects of guanosine and desoxyguanosine. There were marked decreases in latent period and a somewhat variable increase in burst size in the presence of these compounds at 10 -y/cc. Depolymerized (i.e., purified after alkaline extraction) preparations of ribose and desoxyribose nucleic acid showed similar effects on virus synthesis. The purine and pyrimidine bases, singly, at 10 7/cc. were without marked effect.
Nucleic Acid Derivatives~-
Vitamins and Other Growth Factors~Single vitamins were without significant stimulatory effect on BN-F. Each vitamin was tested at only one concentration, with the exception of pyridoxine which was tested in the range of 0.005 to 5.0 q, per cc. Biotin---0.5 -flee., choline 5.0 y/cc., cozymase--5.0 y/cc., folic acid---0.5 -ffcc., glutathione 5.0 y/cc., inositol---0.5 ~/cc., 2-methyl-I, 4-naphthoquinonc 0.5 ~,/cc., nicotinamide---2.0 ~,/cc., para-aminobenzoic acid---0.2 ~/cc., Ca pantothenate---0.5 "ffcc., riboflavin---0.2 ~,/cc., thiamine 3.0 y/co., sodium a-tocopherol phosphate 0.5 "r/cc. were used. It is possible that an optimal concentration which would cause stimulation was missed in this survey.
Inorganic Ions.---Cu ++ and Fe +++ were toxic in concentrations as low as 10-s ~. The toxicity was overcome by dilution. At no concentration, however, was a stimulation of virus production found with these ions. Ca ++ was also without effect in this system at concentrations below 10-3 u.
Complex Supplements.---On adding, at 500 7 per cc., a commercial casein hy-drolysate (Stearns "parenamine") fortified with 1.5 per cent tryptophane, a latent period of less than 30 minutes was always found, as well as an increase in burst size to nearly 50 per cent.of that of BN-N. Increasing the concentration 
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of parenamine did not cause further stimulation. I t was found that parenamine was more effective than a mixture of naturally occurring amino acids at a total concentration of 500 7 per cc., and mixed in the proportions comparable to parenamine (Table II) . There is considerable variation in the latent period and burst sizes in these two systems. Toward the end of these studies, subcultures of our original strain of E. coli B appeared to utilize the amino acid mixture more effectively than at the beginning. Parenamine, however, was always found to effect a speedier and greater synthesis of virus than the amino acid mixture alone (Fig. 8) . 
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The effect of adding a mixture containing adenine, guanine, thymine, and cytosine to parenamine is shown in Fig. 9 . With such a mixture both burst size and latent period closely approximated those for BN-N. When these purine and pyrimidine bases were added to a known amino acid mixture, there was also a marked stimulatory effect on latent period and burst size, as presented in Fig. 10 . The addition of various vitamin mixtures to either of these complex supplements did not give rcproducibly significant stimulatory effects.
It may be seen from Figs. 9 and I0 that the rate and amount of virus synthesized by B~-N may be almost duplicated by a mixture of either parenamine fortified with purincs and pyrimidines, or of the naturally occurring amino acids and purines and pyrimidines. With this mixture of chcmically defined constituents, the latent period was within 3 minutes of, and sometimes the same as, the latent period in broth, and the burst size was rarely lower than 80 per cent of, and occasionally equalled, that of broth.
The time required to elaborate cellular components, such as proteins and nucleic acids, by E. coli B grown in nutrient broth (N) and transferred to the F medium was greatly increased. This is shown by the slower rate of increase in turbidity and the decreased rate of virus synthesis. It seems probable that those amino acids which, when added to BN-F, caused a stimulation in the production of virus are the ones whose rate of synthesis in these bacteria under these conditions may be limiting factors in virus peptide synthesis. On the other hand, glutamic acid, which was the greatest stimulator of anyof the amino acids, may be important in transamination, thereby facilitating the synthesis of other amino acids, or may be stimulatory because of the activity of derivative metabolites, such as a-ketoglutaric acid, as described by Spizizen (6) . Thus, the stimulation by this amino acid when added as a single supplement to a simple medium may have resulted from an activity other than its function in the synthesis of virus in broth.
Other amino acids, also essential, would not necessarily be detected by this method. For example, tryptophane may be considered essential for virus synthesis since it was found in the virus, and 5-methyl tryptophane, a tryptophane antimetabolite, completely inhibited virus synthesis; however, tryptophane was not stimulatory when added as a single supplement to F. This merely signifies that other factors may have been more rate-limiting than tryptophane.
The method used has shown the nutritional requirements for synthesis of T2 to be multiple, External sources of both carbon (lactate) and nitrogen (NH +) were necessary. The absence of phosphorus in the medium was severely limiting, confirming, in general, the results of studies with radioactive phosphorus which showed that most of the phosphorus incorporated in virus synthesized under somewhat different conditions was derived from the phosphorus-containing medium. The absence of magnesium also limited virus synthesis. On the other hand, the requirement for sulfur was not demonstrated by this method. Other methods, however, have shown a methionine requirement, which may serve as a sulfur source. In any case, although the omission of sulfur was found not to be limiting for virus synthesis by host cells in a limited medium, it might prove so for the greater synthesis of virus in the same host cell in a complete medium.
No single carbon-and nitrogen-containing compound was found which could effect a rate of synthesis of T2 in BN-F characteristic of BN-N. Thus the rate and amount of synthesis in BN-N were approximated only by a complex mixture of/-amino acids, and purine and pyrhnidine bases. Bacteria which have been grown in nutrient broth and washed, may still contain vitamins sufficient for the maximal utilization of known substrates. Under these conditions, supplementation with vitamins would not be expected to cause a stimulation. However, a critical requirement for a vitamin in this system might be detected by the antimetabolite technique.
A survey of our data shows that the liberation of virus is to some extent independent of the amount of virus synthesized. Compounds which markedly decreased latent period did not always increase burst size.
The mechanism of the inhibition of virus synthesis by cystine, cysteine, leu-% cine, and serine in this system is obscure. The inhibition by leucine was overcome by closely related amino acids. This same type of effect was observed by Gladstone (23) in the case of growth rate of Bacillus anthracis inhibited with serine and leucine.
SUMMARY
Using the one-step growth technique the production of the virus T2 in its host, measured by latent period and burst size, was shown to depend on the nutritional environment of the host cell.
When E. coli, grown in broth, was transferred to a simple medium, single organic compounds such as some amino acids and nucleosides were found to increase or accelerate the synthesis of virus.
An antimetabolite of glutamic acid, an amino acid important for virus synthesis, was shown to be inhibitory.
Several naturally occurring amino acids, leucine, serine, and cysteine, inhibited virus synthesis in the simple medium.
A chemically defined mixture was found which supported a rate of virus synthesis very nearly comparable to that found for host cells in nutrient broth.
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